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Abstract 6 
Release of gases from intermediate level radioactive wastes encapsulated in cement-based wasteform grouts is a 7 
major concern during the interim storage, transportation and operational stage of a phased geological repository 8 
system. The ability of the wasteform grout to retain radioactive gases depends on its mass transport properties, 9 
which evolve with age, water saturation degree and any degradation. This paper reports the gas diffusion, gas 10 
permeation and water absorption (sorptivity) coefficients of two mature wasteform grouts containing 75% pul-11 
verised fuel ash or 75% blast furnace slag. Some of the slag grouts were found to be affected by microcracking, 12 
and these were subsequently examined using backscattered electron microscopy and quantified using a specifi-13 
cally developed image analysis procedure. Prior to transport testing, samples were conditioned in a realistic 14 
manner to a range of water saturation levels (10-100%). The mass transport properties were found to be highly 15 
dependent on the degree of water saturation, in particular for samples conditioned at relative humidity greater 16 
than 55%. The microcracks have a significant effect on permeability, but less influence on diffusion and water 17 
absorption. Implications of the results on the effectiveness of these grouts for radioactive waste containment are 18 
presented.  19 
Keywords: Concrete technology & manufacture; Concrete structures; Waste management & disposal 20 
 21 
1.  Introduction 22 
Encapsulation and immobilisation in cement-based materials is the favoured method in the UK for the passiva-23 
tion of intermediate level radioactive waste (ILW) 1. Composite cements based on the replacement of OPC with 24 
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either pulverised fuel ash (PFA) or blast furnace slag (BFS) are commonly used as they offer several advantages 25 
over Portland cement, notably a lower heat of hydration. This is needed to avoid a high thermal gradient which 26 
may cause cracking, hence compromising the effectiveness of encapsulation. Use of PFA or BFS also improves 27 
the overall microstructure, strength and transport properties of the composite, reduces cement consumption and 28 
provides a means of disposing of by-products from the metallurgical industry and coal-burning power stations.  29 
In support of Government policy, Nirex is responsible for developing safe, environmentally sound and publicly 30 
acceptable options for the long-term management of radioactive materials in the United Kingdom. 2. One of the 31 
aims of Nirex is to develop coherent concepts which include a range of practical and viable options for the long-32 
term management of radioactive materials, including the Phased Geological Repository Concept (PGRC) for 33 
ILW 3. Typically, the wastes are immobilised in a cement-based grout, i.e. the ‘wasteform’, then enclosed in 34 
stainless steel or concrete containers. The ‘waste package’ is then transported to a monitored and retrievable 35 
storage system in deep (300-1000m) underground repositories excavated in stable rock formations, where it is 36 
less vulnerable to disruption by man-made or natural events. After a period of monitoring, the repository may be 37 
backfilled, sealed and finally closed. Hence, the PGRC uses both engineered and natural barriers to create a 38 
multi-barrier containment system to prevent or to reduce the release of radio-toxic substances to a safe level, 39 
while the natural process of radioactive decay occurs.  40 
A number of wastes have the potential to generate significant quantities of gases such as H2, CO2, CH4, N2, H2S 41 
and O2 from corrosion of metals, microbial degradation of organic materials and radiolysis of water. The accu-42 
mulation and pressure build-up of these gases may have an adverse effect on the long-term integrity of the waste 43 
package and repository 4, 5. The possibility of damage from over-pressurisation can be reduced by specifying 44 
limits on gas generation rates in waste packages, ensuring sufficient permeability of the wasteform and proper 45 
venting 6. Radioactive gases, such as radon from the decay of radium, on the other hand, are produced in much 46 
smaller quantities, but present a more immediate concern due to radio-toxicity. The retention of radon or the con-47 
trol of its release rate, may be an important factor in designing and endorsing the methods used in the packaging 48 
of waste and in assessing its potential safety impact to workers and the public during interim surface storage 49 
(~150 years), transport, handing, emplacement and the operational period (~50 years) of the repository. Conse-50 
quently, Nirex has provided guidance to producers of radioactive wastes on the packaging of wastes that may 51 
generate significant quantities of radon 6, 7. 52 
As part of the continuing development and refinement of Nirex guidance, the migration of radon through cemen-53 
titious grouts has been modelled to provide a basis for demonstrating the expected performance of packaged 54 
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wastes 8. The relatively short half-lives of all radon isotopes (< 4 days) means that the delay introduced by migra-55 
tion through the tortuous microstructure of an intact cementitious wasteform, and the consequent decay of the 56 
radon, offers important benefits in minimising safety impacts due to waste packages where immobilisation in 57 
cement is the preferred packaging method. The validity of any conclusions based on such modelling is sensitive 58 
to the assumed properties of the cementitious materials, and in particular the gas migration properties.  59 
Wasteform grouts may dry out due to hydration, self-desiccation and evaporation during storage, causing an in-60 
crease in gas migration properties. Thus, the effect of pore water saturation and its evolution must be considered. 61 
However, it is apparent that the majority of published data on transport properties of cement-based materials are 62 
mainly for dry or fully saturated conditions, while results for partially saturated material (dried in a realistic 63 
manner) have not been widely reported probably due to experimental difficulties. There are some studies on gas 64 
migration in model cement pastes, mortars and concretes under partially saturated conditions 9-13 and some data 65 
on cementitious materials specifically used in repositories as structural members and for backfilling 14-17. Never-66 
theless, very limited data exists for mature, high cement replacement grouts commonly used in the packaging of 67 
radioactive wastes.  68 
The present study aims to investigate the transport properties of two mature, 5-year old grouts used for ILW en-69 
capsulation that contain large amounts of PFA and BFS. In order to replicate the actual disposal environment, 70 
both grouts were conditioned for 6 months to a range of relative humidities and degrees of water saturation so 71 
that the effects of sample drying on the transport properties could be characterised. Oxygen diffusivity, oxygen 72 
permeability and water sorptivity were measured. Some samples from the BFS grout were found to be affected 73 
by various degrees of microcracking; the microcracks were imaged using optical and scanning electron micros-74 
copy techniques and an image analysis technique was developed to segment the cracks and quantify the degree 75 
of cracking, in order to ascertain their effect on mass transport properties.  76 
 77 
2.  Experimental 78 
2.1 Sample preparation and curing 79 
Two grouts were investigated in this study: a) Mix S with 3:1 BFS: OPC ratio at w/b = 0.35; and b) Mix P with 80 
3:1 PFA: OPC ratio at w/b = 0.42. These represent two of the common grouts used in the packaging of radioac-81 
tive wastes. For the BFS/OPC grout, w/b in the range 0.33-0.37 has been widely investigated and slight varia-82 
tions have been used in actual plants so the 0.35 value is in the mid-range 18. For the PFA/OPC grout, the 0.42 83 
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w/b ratio is often used as a ‘capping grout’ to cover/seal the top of an existing wasteform 19. This study is to in-84 
vestigate the performance of typical formulations for packaging wastes, rather than the influence of w/b. These 85 
w/b values are used as a compromise between low water to give low diffusivity and to limit corrosion of wastes 86 
when immobilised, and high water to give fluidity for infiltration of wastes (superplasticisers are currently not 87 
used due to concerns regarding the possible complexation of some radionuclides species such as plutonium).   88 
The grouts were mixed in 1998 using a 60 litre Hobart planetary mixer. De-ionised and nitrogen-sparged water 89 
was used to minimise carbonation. Mixing was conducted within a loose polythene tent purged with argon. Four 90 
cylindrical samples (100mm diameter, 200mm length) were cast from each grout mixture. Samples were vi-91 
brated until no air bubbles were observed emanating from the surface. The moulded samples were then sealed in 92 
loose wrapping and cured for 2 days at 20 ± 2°C and at relative humidity >90%. Subsequently, they were de-93 
moulded, sealed in polythene wrapping and stored in sealed plastic containers containing soda lime ‘Carbosorb’.  94 
In 2003, the ~5 year-old cylinders were sent to Imperial College London for testing. 95 
 96 
2.2 Sample conditioning 97 
The cylinders were sectioned using an abrasive cutter fitted with a diamond blade. Approximately 10mm of ma-98 
terial from the bottom (cast) face and 40mm material from the top (trowelled) face of each cylinder were dis-99 
carded and the remaining portion was sectioned to produce seven 20mm thick discs. The discs were designated 100 
with S or P, representing either BFS or PFA grout, followed by a number (1-4) representing each cylinder and a 101 
second number (1-7) representing the location of the disc from the bottom cast face. For the BFS grout, all cylin-102 
ders except one (S3) were found to be affected by cracking. Since the cylinders were sectioned every 20mm 103 
from the bottom, we were able to study the nature of the cracks and how they changed with position.  104 
From the total of 28 discs prepared for each mix, 25 discs were used for mass transport testing and 3 discs were 105 
used for microscopy. For transport testing, a set of 5 discs selected from different cylinders to span their entire 106 
length, were conditioned at 21°C and a relative humidity (RH) of 0%, 35%, 55%, 75% or 86%. The discs for 107 
microscopy were conditioned at RH 0%, 55% and 86%. The conditioning humidity was achieved using silica gel 108 
and appropriate saturated salt solutions. The conditioning boxes were kept free of CO2 using soda lime, the RH 109 
was constantly monitored and the silica gel/salt solutions were replaced when necessary. The discs were condi-110 
tioned for 22 weeks, after which, they were sealed in cling-film for another week to allow for moisture redistri-111 
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bution within the discs prior to testing. The rate of mass loss at the end of the conditioning regime was less than 112 
0.02% per day in all cases.  113 
 114 
2.3 Transport testing 115 
The discs were tested following the sequence of oxygen diffusion, oxygen permeation and water absorption. In 116 
this sequence, the same sample can be used throughout since successive test results are not affected by the previ-117 
ous test. All tests were conducted at 21°C.  118 
 119 
2.3.1  Oxygen diffusion 120 
Oxygen diffusivity was measured in an oxygen-nitrogen binary mixture 20. The disc was fitted into a silicon rub-121 
ber ring in a diffusion cell and sealed by axially loading the rubber ring, which expands laterally, providing an 122 
air-tight grip onto the sample. Blank tests on a steel disc of similar dimensions showed no measurable flow 123 
across the disc, confirming that the seal is effective. The test was carried out by exposing one flat face of the disc 124 
to a stream of pure oxygen and the opposite face to a stream of pure nitrogen at approximately the same pressure.  125 
The absolute pressure on the inlet face was no more than 1.004 bars and the pressure difference between inlet 126 
and outlet face was no more than 0.0015 bars. The oxygen and nitrogen counter diffuse through the sample and 127 
the oxygen concentration at the outlet face was monitored constantly using a zirconia analyser (measurable range 128 
from 0.25ppm to 25%) until steady-state condition. The effective average intrinsic oxygen diffusion coefficient, 129 
D (m2/s), was then determined using Fick’s first law of diffusion: 130 
 
)( 12 CCA
LQD
−×
×
=                 Eq. 1 131 
Where Q (m3/s) is oxygen diffusion rate, L (m) and A (m2) are the sample thickness and cross-sectional area 132 
respectively, C1 and C2 are the oxygen concentrations in the outflow and inflow streams respectively. A compre-133 
hensive mathematical description of the inter-diffusion of two gases is beyond the scope of this paper, but is 134 
available elsewhere 20. 135 
 136 
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2.3.2 Oxygen permeation 137 
The test involved applying an oxygen pressure gradient across the sample and measuring the steady-state flow 138 
rates using a series of bubble flow meters. The permeability cell to house the sample was identical to that used in 139 
the diffusion test.  Three input pressures of 0.5, 1.5 and 2.5 bars above atmospheric pressure was used, hence the 140 
pressure gradient applied across the disc was between 2.5 and 12.5 MPa/m. A test on a steel disc of similar di-141 
mensions at the highest operating pressure found no leakage through the sides. Five readings were taken to com-142 
pute the average flow for each applied pressure. The oxygen permeability coefficient, kg (m2), was calculated 143 
from Darcy’s equation for compressible fluid flow: 144 
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                Eq. 2 145 
Where Q is the outflow rate (m3/s), η is the oxygen viscosity at 20°C (= 2.02 x 10-5 Ns/m2), P1 and P2 are the 146 
absolute pressures on inlet and outlet faces respectively (N/m2). The calculated permeability coefficient from Eq. 147 
2 decreases with applied pressure due to gas slippage, so this was corrected by using the Klinkenberg method 21: 148 
 ]1[int
m
g P
kk β−=                 Eq. 3 149 
Where kint (m2) is the intrinsic permeability, Pm (bar) is the mean pressure (= ½ (P1 + P2)) and β is the Klinken-150 
berg constant. The intrinsic permeability was obtained from the y-intercept of the best-fit line of the kg versus 151 
1/Pm plot. All except for seven discs from the BFS grout: S1-6 (RH: 55%), S1-7, S2-1, S4-3 (RH: 75%), S1-1, 152 
S2-2 and S4-7 (RH: 86%), showed a strong linear correlation between kg and 1/Pm (R2 > 0.9). These seven discs 153 
did not display the Klinkenberg effect probably because most of the capillary pores were saturated at high RH 154 
and thus, flow occurred predominantly through large cracks via a viscous mechanism in contrast to Knudsen 155 
flow. For these samples, an alternative approach was used to calculate the permeability coefficient. The outflow 156 
rate, Q, was plotted against (P12 – P22)/P2 for all three input pressures and the best-fit line (R2 > 0.99) was deter-157 
mined. The apparent permeability coefficient, kapp (m2), was calculated from the slope of the best-fit line, viscos-158 
ity and sample dimensions as per Eq. 2. This method implicitly assumes that the permeability coefficient is 159 
independent of the applied pressure.  160 
Fig. 1 compares the intrinsic permeability (Eq. 3) to the apparent permeability (Eq. 2) for all samples. Generally, 161 
a good agreement is observed between these coefficients. As expected, the intrinsic permeability is smaller than 162 
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the apparent permeability for all samples. However, the apparent permeability for the BFS grout is on average, 163 
only 12% larger than the intrinsic permeability. Note that the input pressure during permeability testing is insuf-164 
ficient to cause expulsion of pore water from the partially saturated samples. In fact, the measured mass differ-165 
ence before and after testing for permeability as well as diffusion, rarely exceeded 0.05% for the wettest 166 
samples, indicating that significant drying did not occur during testing. Hence, the gaseous transport in these 167 
tests can be treated as a single phase flow process.  168 
 169 
2.3.3  Water absorption 170 
Water absorption testing involved monitoring the mass gain of a sample in contact with water with time until 171 
saturation was achieved. The sample was placed on two plastic rods in shallow deionised water (~2 to 3mm 172 
above inflow face) to allow free water access. The sample mass was measured at: 5, 10, 20, 30, 60 minutes, then 173 
at hourly intervals for the next 6 hours and then daily until the sample reached saturation. Prior to weighing, sur-174 
face water was removed with dampened tissue. Each weighing was completed within 30s and the clock was al-175 
lowed to run during the weighing operation. The tray was covered with a loose fitting lid to avoid drying of the 176 
samples. This creates a humid, but not saturated environment. The RH in the container was about 50-70% and 177 
approached 80-90% when the sample was near saturation.  178 
The mass of absorbed water per unit inflow area was plotted against the square-root of time. The sorptivity coef-179 
ficient (g/m2.min0.5) was determined from the slope of the best-fit line drawn across the first ten readings (R2 > 180 
0.99). Results from the PFA grout showed a typical bi-linear plot where an initial rapid rise in mass is followed 181 
by a cross-over to a slower rate of mass gain (Fig. 2). However, for the BFS grouts conditioned at low humidity 182 
(<55%), the results showed a sigmoidal, instead of a bi-linear trend (Fig. 2). The initial mass gain is followed by 183 
a more rapid mass gain, before achieving saturation. The first ten readings from which the sorptivity coefficient 184 
was determined lie prior to the inflection point. The time at which the inflection point occurred, coincided very 185 
well with the appearance of triple-branch map-cracking patterns on the top surface of the affected discs.  The 186 
cause and implications of this anomalous behaviour will be discussed in the Results section.  187 
 188 
2.4 Porosity, degree of water saturation and non-evaporable water content 189 
Immediately after the water absorption test, the discs were brought to full saturation by immersion in deionised 190 
water for 48 hours, and then dried at 105°C until constant mass. The porosity and degree of water saturation 191 
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were calculated from the sample mass measured at the end of the conditioning regime, at saturated-surface dry 192 
and at oven-dry conditions. Subsequently, the discs were crushed and a small sample (~ 50g) was placed in a 193 
crucible and heated to 1050°C. The amount of weight lost between 105°C and 1050°C was used to compute the 194 
non-evaporable water content. 195 
 196 
2.5  Sample preparation for microscopy 197 
Epoxy impregnated, flat-polished samples were prepared for electron microscopy. After conditioning, block 198 
samples (40 x 20 x 10mm) were sectioned from each disc at approximately mid-distance from the centre to the 199 
edge. The samples were freeze-dried, epoxy impregnated under vacuum, then ground using silicon carbide pa-200 
pers of successively finer grit size of 220, 500, 1000 and 1200. Finally, the blocks were polished using diamond 201 
at 9, 6, 3, 1 and ¼ µm. The polishing time for each stage was kept short (~ 5 minutes) to reduce surface relief. A 202 
non-aqueous solution was used as lubricant for cutting and polishing. Acetone was used as cleaning fluid. The 203 
polished samples were carbon coated and imaged in the backscattered electron mode using a JEOL 5410LV 204 
scanning electron microscope.  205 
 206 
2.5.1 Procedure for crack analysis 207 
An example of BFS grout with a characteristic circular crack pattern is shown in Fig. 3(a). The cracks were 208 
clearly visible in the BFS grout because of partial oxidation of sulphide, judged by the colour change from dark 209 
greenish blue of the complex polysulphide products to creamy coloured sulphate. The cracks allow ingress of air 210 
and hence, promote the oxidation of paste areas surrounding them. The resulting colour conversion gives a high 211 
contrast between areas in the vicinity of cracks and areas further away. Since the amount of oxidisation is linked 212 
to the extent of cracking, we can indirectly quantify the degree of cracking by measuring the area fraction of the 213 
creamy-coloured paste using image analysis.  214 
The surface of each BFS disc was scanned using a commercial flat-bed scanner at 266dpi, producing a 24bit col-215 
our 1100 x 1100 pixels image at approximately 0.1mm pixel spacing. The surface quality of the sectioned disc 216 
was sufficient to give a good starting image without the need of additional grinding/polishing. Before any meas-217 
urements can be made, the colour image must be reduced to a binary image whereby the feature of interest, in 218 
this case the oxidised area, is segmented from other areas. This is performed by selecting appropriate thresholds 219 
that define the range of brightness values corresponding to the feature of interest.  220 
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Obviously, the accuracy of the measurement depends critically on the segmentation process. For colour images, 221 
segmentation can be done by defining thresholds on either one or a combination of the three available colour 222 
bands. For this study, we found that thresholding on the hue component of the HSI colour space gave a well 223 
segmented image. The hue component of the original image was first extracted to produce a greyscale image 224 
(Fig. 3(b)) in which the cracked areas are highly contrasted. The brightness histogram of this greyscale image, 225 
plotted in Fig. 3(c), shows well-defined bimodal peaks representing the oxidised and other areas. Thus, a thresh-226 
old level can be set at the mid-point between peaks to separate the two features, giving a binary image shown in 227 
Fig. 3(d). The degree of cracking is then expressed as the percentage of the oxidised area to the sample cross-228 
section area; this value is termed the ‘crack index’. It is emphasised that this method does not directly measure 229 
the total crack volume fraction, but provides an indication of the extent of cracking. 230 
 231 
3. Results 232 
3.1 Degree of water saturation, porosity and non-evaporable water content 233 
Fig. 4 plots the change in degree of water saturation with conditioning at different relative humidities. Note that 234 
both grouts were able to maintain a near 100% saturated state during the 5 years curing in a high RH environ-235 
ment. When exposed to RH < 90%, both grouts began to dry out, with the PFA grout drying at a higher rate than 236 
the BFS grout. By the end of the 22-week conditioning period, the degree of water saturation ranged between 10 237 
to 100% for all samples. The BFS grout recorded a significantly higher degree of saturation compared to the 238 
PFA grout. A larger difference was observed at lower conditioning humidity; decreasing from 64% at 0% RH to 239 
16% at 86% RH.  240 
Table 1 gives the average porosity values (5 replicates) for each cylinder and for each mix type, calculated by 241 
expressing the mass difference between the saturated-surface dry and oven-dry condition (105°C) as a percent-242 
age of the bulk sample volume. Note that this value includes the capillary pores, cracks and air voids as well as 243 
gel pores. The values in parentheses represent the coefficients of variation of the average porosity values. The 244 
results show that samples made from the same grout have approximately the same porosity, hence are represen-245 
tative of that particular mix. As expected, the higher w/b ratio PFA grout contained a slightly higher porosity 246 
compared to the BFS grout.  247 
It is interesting to note that whilst the BFS grout has a lower porosity than the PFA grout, the degree of water 248 
saturation can be more than twice that of the PFA grout conditioned at the same humidity. Even at 0% RH, more 249 
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than 40% of the pore space in the BFS grout is still occupied by moisture compared to about 15% for the PFA 250 
grout. The cracks present in the BFS grout did not appear to greatly facilitate drying of the sample. This indicates 251 
that the BFS grout has a much finer and more tortuous pore structure such that for a given relative humidity, 252 
most of the pores remain in a saturated condition. This is consistent with the phenomenon of condensation in fine 253 
capillaries as predicted by the Kelvin-Laplace equation. The remaining pore water is held strongly by surface 254 
adsorption and can only be removed by drying at elevated temperature.  255 
The non-evaporable water content was found to be virtually independent of the conditioning humidity. The aver-256 
age non-evaporable water content for the PFA grout and BFS grout was 11.3% and 10.5% respectively, with a 257 
coefficient of variation of less than 2% for both cases. Therefore, the differences in the measured transport prop-258 
erties of samples conditioned at various humidity levels cannot be attributed to further hydration caused by con-259 
ditioning. 260 
 261 
3.2 Mass transport properties 262 
The effect of degree of water saturation on the diffusivity, permeability and water sorptivity of the BFS and PFA 263 
grout is illustrated in Fig. 5. Each data point corresponds to one sample. The results show that the transport coef-264 
ficients are highly dependent on the degree of water saturation. This is well-known and is consistent with the fact 265 
that gas migration and water absorption only occur through empty pores and cracks. Thus, conditioning at lower 266 
humidity increases the available transport paths, resulting in higher transport rates.  267 
It is interesting to note that a significant drop in transport properties occurred between RH 55% and RH 86%, but 268 
drying below 55% RH caused a negligible increase in transport coefficients. This implies that most of the capil-269 
lary pores and cracks relevant to transport are emptied when the sample is in equilibrium to 55% RH, which is 270 
consistent with the work by Powers & Brownyard22 on water vapour absorption isotherms of cement pastes, 271 
which showed that capillary pores only begin to condensate at RH greater than about 45%. Although further dry-272 
ing removes more pore water, the additional empty fine capillaries and gel pores are too small to make a signifi-273 
cant contribution to transport.  274 
For both grouts, depending on the degree of water saturation, the oxygen diffusivity and permeability ranged 275 
from 3.9x10-10 to 4.5x10-8 m2/s and from 6.2x10-20 to 1.2x10-16 m2 respectively. The sorptivity was between 1.8 276 
and 260 g/m2.min0.5. The BFS grouts consistently recorded lower diffusivity and sorptivity, but gave unexpect-277 
edly higher permeability compared to PFA grouts that were conditioned at the same humidity (despite the fact 278 
Advances in Cement Research (2007), 19 (1) 35-46 
 11 
that the BFS grouts have a higher degree of saturation). This shows that the cracks observed in the BFS grout 279 
samples had a more significant effect on permeation than on diffusion or water absorption.  280 
The transport coefficients for samples from cylinder S3 were always lower than those for other BFS grout sam-281 
ples that were conditioned at the same humidity. In the most severe case, which was for permeability, the differ-282 
ence between a ‘cracked’ and ‘non-cracked’ sample was as high as 1.5 orders of magnitude. This again shows 283 
that the cracks observed on S1, S2 and S4, had a deleterious effect on mass transport, in particular pressure-284 
induced flow.  285 
 286 
3.3 Characteristics of cracks in the BFS grout  287 
Fig. 3A and Fig 6 show some images of different crack morphologies, taken immediately after the cylinders 288 
were sectioned (prior to conditioning). On the plane surface, at least four types of crack pattern were observed 289 
and these distinctive patterns appeared at about the same relative positions on the cylinders. Discs nearest to the 290 
bottom cast face showed a band of co-centric circular cracks with radius of approximately half that of the cylin-291 
der (Fig. 3A). Discs located near the top trowelled face also displayed circular cracks, but these were formed 292 
closer to the edge. Discs taken from the mid-position of the cylinders displayed radial cracks that appear to 293 
originate from the edge propagating towards the centre (Fig. 6A). Other cracks appear to have random orienta-294 
tion (Fig. 6B). On the cross-section, a different form of crack morphology was observed (Fig. 6C). Some cracks 295 
appeared to run vertically through the thickness of the disc, while others were aligned in the horizontal plane. 296 
The density of the horizontal cracks was as high as 1.25 per mm and they appear to be interconnected to the edge 297 
of the sample. These horizontal cracks may cause anisotropy in the transport properties of the grout, but unfortu-298 
nately, this was not measured in the present study. 299 
Backscattered electron (BSE) imaging found that the cracks had widths of up to 100μm. Fig. 7 is a BSE image of 300 
a typical crack showing rough edges with angular slag particles and occasionally hydration products bridging the 301 
gap between both sides of the paste. This suggests that the cracks were formed early in the life of the samples 302 
and that subsequent hydration caused partial healing. The cracks are likely to be due to tensile stresses from re-303 
strained deformation; the restraint probably came from the steel mould in which the grout was cast. This was 304 
compounded by the high autogenous shrinkage in slag cements and the high self-desiccation tendency in a low 305 
w/b ratio mix.  306 
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Cracks form orthogonal to the direction of the maximum principal tensile stress. Thus, when the grout is re-307 
strained from shrinkage by the external cylindrical mould, the principle tensile stress is in the radial direction, 308 
causing a circular co-centric crack pattern to develop on the discs. For the bottom discs, a wide band of circular 309 
cracks was formed because the entire cross-section was restrained by the base plate of the mould. Discs located 310 
higher up show circular cracks near the edge since the restraint is only coming from the side wall of the mould. 311 
At mid-position, the crack orientation and direction of the principal tensile stress appears to have interchanged 312 
for unknown reasons, causing cracks to develop radially.  313 
BSE imaging did not find similar crack patterns in the PFA grout. As a comparison, Fig. 8 shows a BSE image 314 
of a typical microstructure of a PFA grout taken at the same magnification. It is observed that the PFA grout 315 
contains many fly ash cenospheres of about 1-300μm in diameter. Most of the cement particles have hydrated 316 
leaving behind traces of bright ferrite phases. 317 
Fig. 9 shows another form of cracking found on samples from the BFS grout that were conditioned at very low 318 
humidity (< 55%). Note that these triple-branch cracks appeared during the water absorption test (coinciding 319 
with the inflection point on the water absorption plot in Fig. 2) and are different from the cracks shown previ-320 
ously in terms of morphology and distribution. They occurred on all samples conditioned at 0% RH, even for 321 
those from S3 (Fig. 9A). BSE imaging found that that these are very fine cracks with widths less than 1μm (Fig. 322 
9B). It is likely that these are drying shrinkage cracks induced by the severe conditioning regime.  323 
 324 
3.4 Image analysis 325 
Fig. 10 shows 3-D surface plots illustrating the combined effect of cracking and degree of water saturation on the 326 
transport coefficients. We stress again that the crack index is not a measure of crack volume fraction, but an in-327 
dicator of the extent of cracking. The crack index inevitably overestimates the actual crack volume fraction be-328 
cause of the way in which it is measured. No effort was made to correct for this. It may be argued that this index 329 
is erroneous due to inclusion of paste areas at the edges that have been oxidised by direct air exposure via capil-330 
lary pores and not via cracks, but closer inspection using optical and electron microscopy did find cracking in 331 
these areas. Furthermore, examination of discs from S3 (Fig. 9A) found only a negligible amount of oxidation 332 
occurring near the edges. Nevertheless, interpretations of Fig. 10 should only be qualitative because the amount 333 
of data is insufficient to generate a surface plot that is statistically significant.  334 
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The measured crack index using image analysis ranged from 2% to 30%. As expected, the surface plots show 335 
that samples with a high degree of saturation and a low crack index will have lower transport properties. 336 
Cracking can increase transport coefficients by up to two orders of magnitude for samples at approximately the 337 
same saturation degree. The cracks appear to have a more significant effect when the sample is near 100% satu-338 
ration and for the case of pressure-induced flow. This shows that at high humidity conditions, the capillary pores 339 
are blocked due to condensation, but the larger cracks remain empty, providing easy access for mass transport. 340 
The effect of cracking on transport properties is less evident when the sample is dry because the capillary pores 341 
are now empty and can also contribute to mass transport.  342 
 343 
4.  Discussion 344 
It may be instructive to compare the results of this study with others, but bearing in mind the differences in mix 345 
formulations, age, curing/conditioning regimes and testing methods. In general, we found that the transport coef-346 
ficients for the wasteform grouts in this study were in the range of values typically reported for cement-based 347 
materials 9-18. For example, Lawrence 20 reported that the O2 diffusivity in a N2-O2 binary mixture for a 28-day 348 
cured, w/c 0.36 OPC concrete conditioned to 55% RH was 2x10-9m2/s. Using a similar set up, Kobayashi & 349 
Shuttoh 9 found that the O2 diffusivity for various 28-day water cured, w/c 0.6 concretes with 30-70% BFS con-350 
ditioned to 60% water content to be in a range of 1-2x10-8m2/s. Houst & Wittmann 10 measured the CO2 and O2 351 
diffusivity on carbonated cement pastes (w/c 0.4), cured for 6 months in saturated lime water and conditioned to 352 
50-90% RH. The values ranged from 3x10-9 to 1x10-8m2/s.   353 
For gas permeability, Harris et al. 16 studied the migration of He and Ar in a 9:1 BFS:OPC grout at w/c 0.4, used 354 
for encapsulation of solid and liquid ILW. The average intrinsic gas permeability was 5x10-16m2 and 6x10-18m2 355 
for oven dried samples (100°C) and for samples conditioned to 100% RH respectively. In another study, Galle & 356 
Daian17 measured the N2 permeability of cement pastes prepared using CEM 1 (100% OPC) and CEM V (55% 357 
OPC, 22% BFS, 23% PFA) at w/b 0.3 to 0.5, used in the French nuclear waste industry. Samples were cured in 358 
saturated limewater for 9 months then conditioned to 10-100% water saturation. The effective gas permeability 359 
measured at 1-2 MPa was found to be between 10-21 and 10-16 m2. For water absorption, Hall 23 reported a sorp-360 
tivity value of about 90g/m2min0.5 for w/c 0.4 OPC concretes that were oven dried at 40˚C. Unpublished results 361 
from the first author of this paper found sorptivity values of about 200g/m2min0.5 for 28-day cured OPC pastes 362 
with 30% FA and 60% BFS at w/c 0.3. These samples were conditioned to 55% RH prior to testing. 363 
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This study shows that the wasteform grouts can maintain a near 100% water saturation state for a long period of 364 
time in a high humidity environment. The diffusivity and sorptivity for samples conditioned at 86% RH is about 365 
102 smaller than the values for samples conditioned at 0% RH. For permeability, a difference of 103 is observed. 366 
This shows that it may be beneficial to consistently maintain the storage/repository at a high humidity condition 367 
in order to provide a better retention of radioactive gases. However, the advantages derived from a lower mass 368 
transport property of a highly saturated wasteform grout may need to be balanced against the possibility of in-369 
creased production of other bulk gases, either from a higher corrosion rate or microbial degradation, which can 370 
affect the integrity of the container due to over-pressurisation. The mass transport properties of the wasteform 371 
grout can be engineered to ensure that the potential for the release of radionuclide is as low as possible, but suffi-372 
ciently permeable to disperse bulk gases.  373 
The release of radon from waste packages would be controlled by a diffusion mechanism through the encapsulat-374 
ing material. Pressurisation due to radon is not likely to be a concern since the volume of radon generated from 375 
wastes would be small 7. Unfortunately, there are no data available on radon diffusivity of cementitious grout 376 
commonly used in radioactive waste containment. Since radon is 7 times heavier and is slightly more soluble in 377 
water than oxygen, the diffusivity of radon in wasteform grouts under similar conditions is expected to be 378 
smaller than the values obtained in this study. As a crude estimation, considering that the free diffusivities of 379 
radon and oxygen in air are 1.1x10-5m2/s and 2.0x10-5m2/s respectively, the radon diffusivity in the wasteform 380 
grouts would be at least a factor of two lower than the values for oxygen diffusivity obtained in this study, i.e. in 381 
the range 2x10-10 to 2x10-8 m2/s. This range of values appears to be somewhat smaller than the range of values 382 
reported for concrete 24-28, that is 7.5x10-9 to 4x10-7m2/s. Note that the present Nirex guidelines for packaging 383 
radon generating wastes 7 do not specify limits for the mass transport properties of the wasteform grout. Simple 384 
control of radon release can be achieved by limiting the radium-226 content in waste packages. Where a justified 385 
allowance is made for radon retention and decay within the wasteform grout, such conservative limits for ra-386 
dium-226 content may be relaxed.  387 
Although the BFS grout was affected by microcracking, it consistently recorded lower diffusivity and sorptivity, 388 
higher saturation degree and substantially higher permeability than a similarly conditioned PFA grout. This 389 
shows that the microcracks have a more significant effect on pressure-induced flow, but lesser effect on diffusiv-390 
ity or water absorption. The microcracks have high connectivity and low tortuosity compared to capillary pores 391 
such that when the sample is under a pressure gradient, flow will predominantly occur via the microcracks since 392 
they offer transport paths having the least amount of resistance. This is supported by the observation that several 393 
Advances in Cement Research (2007), 19 (1) 35-46 
 15 
of the cracked BFS grout samples did not display the Klinkenberg effect during permeability testing. Diffusion 394 
and water absorption, on the other hand, occur more ‘evenly’ through the microstructure because one is a process 395 
of random atomic collisions while the other is due to capillary effects.  396 
The sigmoidal trend in the water absorption plots (Fig. 2) for the BFS grout was totally unexpected. To the best 397 
of our knowledge, this anomalous behaviour has not been reported before. We hypothesise that the first linear 398 
portion of the curve is mainly due to water absorption into the sub-micron triple-branch cracks and capillary 399 
pores, since they offer the strongest capillary suction. When these sub-micron cracks begin to saturate, they be-400 
come visible on the top surface of the disc (Fig. 9A), hence the time at which they appear coincided very well 401 
with the inflection point on the curve. Subsequent absorption occurs mainly into the larger cracks (Fig. 7) and 402 
contributes to the second mass increase in the absorption plot.  403 
The observed microcracking in the BFS grout may only be a characteristic of the samples investigated and it is 404 
not known whether a similar crack pattern would emerge when it is used for actual waste encapsulation. Typical 405 
wastes can be in a variety of physical forms and sizes. Addition of solid wastes may increase the resistance to 406 
crack formation by improving toughness, ductility and by reducing shrinkage. Hence, in this aspect, the amount 407 
of microcracking observed in the BFS grout may represent a worst-case scenario in practice.  408 
 409 
5. Summary 410 
This study investigated the influence of degree of water saturation and microcracking on the mass transport 411 
properties of two mature grouts containing 75% slag (w/b 0.35) and pulverised fuel ash (w/b 0.42) that were de-412 
signed for immobilisation of low-level radioactive wastes. The grouts were cured in a high humidity environ-413 
ment for five years and were then conditioned to a range of water saturation degree (10-100%). For both grouts, 414 
depending on the degree of water saturation, the oxygen diffusivity and permeability ranged from 3.9x10-10 to 415 
4.5x10-8 m2/s and from 6.2x10-20 to 1.2x10-16 m2 respectively. The sorptivity was between 1.8 and 260 416 
g/m2.min0.5. The transport coefficients were significantly reduced at higher water saturation due to the reduction 417 
in the volume of available pores for transport, in particular when samples were conditioned to a relative humidity 418 
greater than 55%. The diffusivity and sorptivity for samples conditioned at 86% RH was about 102 smaller than 419 
the values for samples conditioned at 0% RH. For permeability, a difference of 103 was observed. Substantial 420 
microcracking (widths ~ 10-100μm) was found in the BFS grout. The microcracks were due to shrinkage of the 421 
grout during its early curing in steel moulds. The characteristics of these cracks were examined using backscat-422 
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tered electron microscopy and quantified using a specifically developed image analysis procedure. The cracks 423 
were found to have a marginal effect on gaseous diffusion and water absorption, but a significant effect on per-424 
meability. This shows that pressure-induced flow occurs preferentially through the microcracks, which offer 425 
transport paths of least resistance due to their high connectivity and low tortuosity.  426 
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Tables 493 
Cylinder P1 P2 P3 P4 S1 S2 S3 S4 
Porosity (%) 45.1 (2.9) 
43.7 
(4.7) 
44.1 
(2.1) 
45.0 
(1.4) 
38.4 
(0.9) 
38.1 
(3.2) 
38.0 
(2.8) 
37.7 
(3.3) 
Average (%) 44.5 (3.1) 38.1 (2.6) 
Table 1 Total porosity obtained from oven drying. Values in parenthesis represent the coefficient of 494 
variation. 495 
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Figure 1 Intrinsic permeability (Eq. 3) plotted against apparent permeability (Eq. 2) for BFS (S) and 497 
PFA (P) grouts.  498 
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Figure 2 Water absorption plots for PFA (P) and BFS (S) grouts conditioned at 0% RH. Results from 500 
the BFS grouts displayed a sigmoidal behaviour instead of a typical bi-linear curve as shown by the 501 
PFA grouts.  502 
 503 
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Figure 3 Algorithm for crack segmentation: A) scanned image of sample S1-1; B) extracted hue compo-504 
nent; C) brightness histogram of B showing separate peaks representing oxidised and other areas; and 505 
D) binary image of the segmented oxidised area. Crack index = 21.6%.  506 
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Figure 4 Change in degree of water saturation with conditioning period and relative humidity for PFA 508 
grouts (A) and BFS grouts (B). 509 
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Figure 5 Effect of degree of water saturation on oxygen diffusivity (A), water sorptivity (B) and oxygen 511 
permeability (C).  512 
 513 
  
 
Figure 6 Various crack morphologies observed on the plane surface (A, B) and on the cross-section (C) 514 
of discs from the BFS grout.  515 
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 516 
 
Figure 7 BSE image of a typical crack found in the BFS grout samples. The crack has rough edges with 517 
slag particles and hydration products bridging the crack. The crack width in this image is approxi-518 
mately 35 to 65μm. Image was taken at 100x; field of view is 1200 x 900μm.  519 
 520 
 
Figure 8 Typical microstructure of the PFA grout observed using BSE imaging. Image was taken at 521 
100x; field of view is 1200 x 900μm.   522 
 523 
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Figure 9 A) Triple-branch cracks observed during water absorption testing. These are due to drying 524 
shrinkage from conditioning at very low humidity (<55%); B) BSE imaging found that these triple-525 
branch cracks are sub-micron in width. Imaged at 1000x; field of view is 120 x 90μm.  526 
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Figure 10 Effect of cracking and pore saturation on diffusivity 528 
Lo
g 1
0 
Pe
rm
ea
bi
lit
y 
(m
2 )  
 
Degree of water saturation (%) 
Crack 
index 
(%) 
